Abstract This study investigated the effect of microwave power (2,400-4,000 W) and drying times (10-30 min) on the quality of dried turmeric in terms of colour (L, a*, b*), moisture content, water activity (a w ), ash, antioxidant activity (2,2-dipheneyl-1-picrylhydrazyl; DPPH), total phenolic and curcuminoids content. In addition, Response Surface Methodology (RSM) was implemented to optimize the drying conditions for turmeric. A range of quality parameters, microwave power (W) and time (min) were fitted to quadratic models using a central composite design. The Analysis of Variance (ANOVA) statistic results suggested that the optimal qualities (i.e., a w , value, moisture content, phenolic content, curcuminoid content and EC 50 and L value) of dried turmeric were achieved at high vacuum-microwave power (3,500-4,000 W) and long duration (27-30 min). The improvement in the quality of dried turmeric microwavevacuum drying in these conditions was illustrated through the enzymatic browning reaction via inhibition of polyphenol oxidase which suppressed the formation of the brown pigments and increased the phenol substrates.
Introduction
Turmeric (Curcuma longa L.), a member of the Zingiberaceae family, is one of the common spices used in Asian cuisine. It grows primarily in tropical and sub tropical regions including India, Bengal, China, Taiwan, Sri Lanka, Jeva, Peru, Australia and Thailand (Suresh et al. 2009 ). Turmeric has been reported to have a role in preventing human diseases such as cancer (as antioxidants and anti-carcinogenic) and cardiovascular diseases (Prathapan et al. 2009 ). These medical properties have been credited mainly to the curcuminoids which are abundant in turmeric rhizome (Maheshwari et al. 2006) . Nowadays, animals and human trials suggest that curcuminoids have no toxicity even at high doses; therefore, turmeric is a safe ingredient in medicines and cosmetics (Goel et al. 2008) . Commercially, turmeric can be sold either fresh or as dried powder. However, dried turmeric powder is more often sold all around the world but the price varies depending on many factors including quality-ie moisture content, appearance (color), and phenolic contents (Jose and Joy 2009) . Sun drying is a traditional method; however, it takes a long time (about 10-15 days) and it affects the quality of the product, especially curcuminoids (Sampathu et al. 1988; Prathapan et al. 2009 ). Therefore, to preserve this bioactive compound a better drying method is needed.
Drying or dehydration is a method of food preservation that has been used all over the world for centuries. Drying involves removing moisture from food; moisture is necessary for bacteria growth that eventually causes food spoilage and deterioration (Flores 2007) . One of the primary drying methods is microwave vacuum drying.
Microwave vacuum drying is a method that accumulates the advantages of rapid energy transfer from microwave drying and fast mass transfer at low temperatures from vacuum heating (Giri and Prasad 2007) . This drying method decreases drying time and uses a lower temperature; thus it will increase the qualities of dry food products including color, texture and nutrients such as proteins, carbohydrates, lipids, antioxidants and vitamins (Prathapan et al. 2009; Sommano et al. 2011; Polovka and Suhaj 2010) . In addition this microwave-assisted drying consumes less specific energy compared to the convention hot-air method as is evident in Yongsawatdigul and Gunasekara's (1996) experiment which studied the effect of microwave vacuum drying on canberry and Kumar's et al. (2011) experiment which studied the optimal condition of microwave assisted hot air drying of okra. Both experiments showed that specific energy consumption was reduce due to the reduction of the drying time, as microwave power was increased. However, there is no more current information available on the extent of the bioactive components and quality of turmeric during microwave-vacuum drying. Therefore, the aim of this research project is to examine the effects of microwavevacuum drying (microwave power and drying time) on turmeric qualities including color, water activity (aw), ash content, EC 50 value, total phenolic content and curcuminoid content as well as to determine the optimal drying condition of turmeric.
Materials and methods

Plant material
Fresh turmeric rhizomes (Curcuma longa L), with uniform size and maturity, free from diseases, were bought from a local market in Chiang Mai, Thailand during June-October 2010. At the laboratory, they were cleaned under running tap water and then placed on a rack at room temperature for 2 h. The turmeric skins were then removed. Finally, the cleaned turmeric rhizomes were sliced to about 0.5 mm in thickness using fruit slicers.
Drying equipment
An industrial microwave-vacuum dryer from Marchcool Industry, Thailand was used for this experiment. The microwave power (600-4,000 W) and processing time were varied using digital display. The microwave chamber continuously rotated at a speed of 20 rpm.
Experimental design
A 3 2 factorial in the central composite design was employed to find the optimal drying condition of turmeric. Three different levels of microwave power (2,400, 3,200 and 4,000 W) and drying time (10, 20 and 30 min) were chosen for this experiment based on the preliminary experiment (data not shown). One kg of the sliced turmeric was placed in a single layer onto the microwave-vacuum chamber. Drying was performed in nine different conditions (time vs. temperature) according to Table 1 . All experiments were performed in triplicate. Experimental data for the measured physical and chemical properties were obtained according to the recommended optimum conditions. Validation of the response surface model was conducted by comparing the experimental values obtained from an independent set of samples (n03) with the predicted value obtained from the optimal model. Determination of the free radical scavenging activity by the l,l-Diphenyl-2-picrylhydrazyl (DPPH) free-radical scavenging assay
All the fresh and dried turmeric in the experiment were examined for the free radical scavenging activities using the modified DPPH assay method of Blois (1958) . Turmeric powder (0.25 mg) was extracted in 25 ml of methanol and centrifuged at 3000 rpm. The supernatant known as methanol extract was then diluted serially from 10 −2 to 10 −8 and 0.1 ml of each dilution was transferred into a sample tube containing 0.5 ml of 5 mM DPPH. The mixture was kept for 20 min in darkness, and then placed in a spectrophotometer with a reading of its absorbance at 517 nm. DPPH (2,2-diphenyl-1-picrylhydrazyl) is a kind of free radical with a purple color. The antioxidant substance destroys the free radical; therefore it reduces the color of DPPH • in test tubes (Abdel-Hameed 2009; Moon and Shibamoto 2009). DPPH activity was presented as 50 % effective concentration (EC 50 ), the amount of antioxidant substance to inhibit 50 % of remaining DPPH. The EC 50 value can be determined from a graph that plotted % remaining DPPH against concentrations of sample solution.
Determination of total phenolic content (TPC)
The total phenolic content (TPC) was determined by a spectrophotometer using Gallic acid as a standard solution (Ragazzi and Veronese 1973) . 0.5 mL of different concentrations (10 −1 -10 −3 ) of diluted methanol extract were transferred into separate tubes which contained 2.5 mL of a 1 −10 dilution of Folin-Ciocalteu's reagent in water. Then, 2.0 mL of a sodium carbonate solution (7.5 %w/v) was added to the solutions. The tubes were then allowed to stand at room temperature for 60 min before absorbance at 75 nm was measured against water. The TPC was expressed as Gallic acid equivalents (GAE) in mg/ g material. The concentration of phenolic in samples was derived from a standard curve of Gallic acid ranging from 10 to 50 g/mL.
Determination of curcuminoids from turmeric using HPLC technique
A HPLC technique for determining the amount of curcuminoid from turmeric was modified from Preecha et al. (2006) . A Shimadzu LC-10ATVP HPLC system connected to a Shimadzu SPD-10 AVVP UV-VIS detector and a Prodigy 250×4.60 mm/5 μm column (Phenomenex, CA, USA) was used. The mobile phase solutions were 1 % acetic acid and 45 % acetonitrile (CH 3 CN) and 54 % deionized water. The flow rate was 1 ml / min and the running time was 30 min. The curcuminoids were detected at 425 nm.
Determination of physical properties of dried turmeric
The physical properties of turmeric were analyzed including color using hunter L, a*, b* scale, moisture content and water activity using AOAC method (AOAC 2000).
Statistical analysis
All results were expressed as mean ± standard deviation (SD). Statistical analyses were carried out using the one-way ANOVA and the Duncan's post-hoc test on a SPSS software (IBM, NY, USA) and statistical significance was taken at P≤ 0.05. In addition, the Design Expert version 6 program was employed to find the optimal condition in this experiment. The whole experiment was repeated three times.
Results and discussion
Chemical properties of fresh turmeric
The qualities of fresh turmeric samples including moisture content, ash content, antioxidant activity (EC 50 ), total phenolic content (TPC) and curcuminoid content, are shown in Table 2 . The average moisture content of the fresh turmeric sample is 91.52 % which is higher than the 70-80 % shown in the study of Singh et al. (2010) . Table 2 shows that the turmeric sample has a very high total phenolic content (TPC) (59.62±6.96 mg GAE/ g dry basis) especially when compared to the study of Tangkanakul et al. (2009) which found 13.407 mg GAE/g. Similar to the moisture content, the amount of TPC in turmeric varies depending on the growth area, harvest season and turmeric varieties. Figure 1 illustrates the chromatogram of curcuminoids standard using the HPLC method. The figure shows that the retention time of curcuminoid peak is 11.747 and using HPLC to analyze the amount of curcuminoids is an appropriate method. Table 2 also shows that the curcuminoids of the fresh turmeric is as high as 9.39 g/100 g dry basis, which is similar to the study of Sikkhamondhol et al. (2009) .
Effect of microwave-vacuum drying on physical properties
Water activity (a w ) and colour parameters of microwavevacuum dried tumeric in each condition are illustrated in Table 3 . Results show that a w values of 0.20, 0.28 and 0.19 at conditions 3, 6 and 9, respectively, are significantly lower than other conditions. Generally, food with a w <0.6 is safe from bacterial and yeast spoilage as well as biochemical activities (Perera 2005) . However, the range of a w value from 0.4 to 0.6 is considered to be the optimal condition of Non-enzymatic browning. Therefore, to minimize this reaction, decreasing a w value of food (by heating) to below 0.4 is the best way to slow down this reaction and extend the shelf life of the dried products (Perera 2005) . L, a* and b* values in Table 2 indicate the color of dried turmeric by lightness (L), redness (a*) and yellowness (b*). In addition, the L value was used as the indicator to determine the browning potential of dried fruit and vegetable products (Oms-Oliu et al. 2006; Prathapan et al. 2009 ). In our study, increasing drying time from 10 min to 30 min significantly increased the L value of dried turmeric (Condition 3, 6 and 9 compared to treatments 1, 4 and 7). In addition, the results suggest that products might remain brighter in colour when increasing microwave-vacumm power up to 4000 W. This could be explained through the enzymatic degradation of the two enzymes involved in the browning mechanism viz. polyphenol oxidase (PPO) and/or peroxidase (POD). The similarity, found in the study of Prathapan et al. (2009) , showed that the activities of these two enzymes decreased when temperature were over 70°C. However, the a* and b* values of the products are not significantly different (8.6 to 23.2 for a* and 23.5 to 37.5, for b*). These colour spaces suggests that the dried turmeric has orange-red colour.
Effect of microwave-vacuum drying on chemical properties
A high themal process may affect the stability of bioactive compounds in food including vitamins and trace elements. For example, heating Irish brown seaweeds over 95°C decreased its phenolic content (Sommano et al. 2011; Rajauria et al. 2010) . A similar result was found in curcuminoids as it was shown that boiling or pressure cooking of turmeric for 10-20 min resulted in the reduction of curcuminoid content by 20-50 % (Suresh et al. 2007 ). However, Bambirra's et al. study (2002) showed that heating at 50-100°C had no effect on curcuminoid content. Therefore, an appropriate temperature (not too high nor too low) to dry the tumeric may play a crucial role in preserving phenolic compounds including curcuminoids in turmeric. Microwave-vacuum drying is an option for drying fruit and vegetables to preserve bioactive compounds. With this method, heat is penetrated throughout the food, resulting in faster heat transfer in a short time, while in traditional heating, heat is transferred slowly from the outermost layer to the centre of the food (Gowen et al. 2006) The chemical properties of dried turmeric after microwavevacuum drying are shown in Table 4 . The highest amount of total phenolic content (TPC) was found in the dried turmeric "condition 3" which dried with microwave power at 2400 W for 30 min. For this result, Polyphenol oxidase (PPO) may play a crucial role as a similar result was found in the study of Prathapan et al. (2009) . The study found that fresh turmeric had less TPC than turmeric that was dried with a hot air oven at 60-100°C. This result indicates that heat from hot air oven inactivates PPO which is thermally unstable after 60°C (Chisari et al. 2007 ). In addition, turmeric that was dried at 80°C for 30 min had the highest amount of TPC. However, when the drying temperature was increased to 100°C, the amount of TPC sharply decreased due to the nonemzymatic oxidation of polyphenols (Prathapan et al. 2009 ). This result indicates that the amount of TPC correlates to the inactivation of PPO in tumeric by using a heat treatment that is neither too low nor too high. The EC 50 values from Table 4 show that increasing drying time siginificantly decreases EC 50 values. This result indicates that longer microwave vacuum drying time increases antioxidant activity in dried turmeric and relates to the amount of curcuminoids which is also highest (19.04 g/100 g dry basis) in the turmeric that was dried at 4000 w for 30 min (condition 9). As curcuminoids are an active compound which has high antioxidant activity (Tangkanakul et al. 2009 ) when the amount of curcuminoids increases, the antioxidant activity will increase. However, the maximum amount of curcuminoids were found in "condition 9" which has the lowest moisture content (appox. 4.6 %). Accordingly, the moisture content rather than the heat treatment may be responsible for the curcuminoid content because normally heat treatment (up to 100°C) has no effect on the amount of curcuminoids in turmeric (Tangkanakul et al. 2009) Response surface methodology of physical and chemical attributes of dried turmeric by microwave-vacuum dryer According to the regression relationships in Table 5 , microwave power and drying time had significant effects on a w , moisture content, EC 50 value, TPC and curcuminoids of dried turmeric at p≤0.05; however, there was no regression relationship found in the colour values. The response surface relations were illustrated in Fig. 2 for each of the significant attributes. The significant regression relationships such as a w value, moisture content, etc. were selected to determine the optimisation condition using Design Expert ver.6. The results in Fig. 3 illustrated that using microwave power between 3500-4000 W and drying time for 27-30 min were an optimal condition to dry turmeric using a microwave-vacuum dryer. The mechanism suggested that, in this condition, the system has removed most of the moisture from turmeric slices (at maximum microwave power and time). On the other hand, the amount of TPC and curcuminoids were the least at the lowest microwave power and with drying for the shortest time. Therefore, heating the turmeric slices at 4000 W for 30 min will result in the best combination of low a w value and moisture content and high TPC and curcuminoid content. This phenomenon could be explained through the enzymatic browning pathway that had the enzyme polyphenol oxidase involved (Prathapan et al. 2009 ). When the enzyme was denatured (generally at temperature >70°C), the substrates of the reaction (i.e., Phenolics and curcuminoids) would become available, resulting in colour retention (no browning pigments).
An optimal condition was indicated by the response which was at 4000 W for 30 min. Under this optimal condition, the predicted response values for a w value, L value, moisture content, total phenolic content, and curcuminoids content were 0.16 %, 54.99, 0.96 %, 53.14 mg GAE/ g dry basis and 17.45 g /100 g dry basis respectively. Repeated experiments were performed with this condition to validate the predicted optimum. The results from three replications were 0.173+0.02 %, 55.23+1.84, 2.12+1.01 %, 50.67+3.79 mg GAE/ g dry basis, and 20.29+5.36 g /100 g dry basis for a w , L value, moisture content, phenolic and Fig. 3 Optimization point of turmeric drying by microwave-vacuum dryer curcuminoids which validated the predicted value and the model was proven to be reliable.
Conclusion
Over all, drying of turmeric by a microwave-vacuum dryer could be an ideal method for commercial purposes. According to the results of enzymatic browning inhibition, the finished product had a better colour and higher bioactive compounds when turmeric was dried at higher microwave power (up to 4000 W) and for longer drying time ( up to 30 min). Further experiments may focus on the effects of pre-processing on the quality of dried turmeric by microwave-vacuum dryers to determine the stability of bioactive compounds (i.e., curcuminoids) by this type of drying. The better the quality of dry turmeric the greater the amount of TPC and curcuminoids will be to help prevent some human diseases such as cancer and coronary heart disease (Wilken et al. 2011) .
